Introduction
============

Pancreatic cancer, the fourth leading cause of cancer-related death worldwide, is highly aggressive and associated with a poor prognosis. Resistance to drug therapy, along with high rates of metastasis, contributes to the low survival rates in patients diagnosed with pancreatic cancer.[@b1-ott-7-117] Gemcitabine, a chemotherapeutic agent, is the current standard of care for patients with the disease. Although gemcitabine has higher success rates than any other chemotherapeutic agent in use, such as 5-fluorouracil or cisplatin, patients receiving gemcitabine still only have progression-free survival in the range of 0.9--4.2 months.[@b2-ott-7-117] Given the poor response rate to gemcitabine, it has been suggested that pancreatic cancer cells develop rapid resistance to this drug.[@b2-ott-7-117],[@b3-ott-7-117]

The mechanism(s) by which cancer cells acquire resistance to chemotherapy is not well understood. Within the last decade, reports have suggested that there is a unique connection between drug resistance and epithelial-mesenchymal transition (EMT).[@b2-ott-7-117],[@b4-ott-7-117] It is clear that EMT in cancer cells with a loss of E-cadherin and cell-to-cell adhesion promotes metastasis and disease progression. Creighton et al have eloquently reviewed the role of EMT programming in cancer cell invasion and metastasis.[@b5-ott-7-117] Their report describes cells undergoing EMT that typically show an increased abundance of vimentin, N-cadherin, fibronectin, integrin αvβ6, and a decrease in E-cadherin, desmoplakin, cytokeratins, and occludin. In addition, several transcriptional suppressor families that regulate EMT are described, including the zinc-finger proteins Snail1 and Snail2, the two-handed zinc-finger δEF1 family factors (δEF1/Zeb1 and SIP1/Zeb2), and the basic helix-loop-helix factors, Twist and E12/E47. There is also evidence to suggest that signals derived from the cellular microenvironment can regulate EMT, such as cell-cell contacts mediated by families of transmembrane receptors and ligands expressed on adjacent cells. What is less clear is the relationship between EMT and chemoresistance in cancer. One report showed that silencing of the two-handed zinc-finger δEF1 family factor, Zeb1, a transcriptional repressor of E-cadherin, restored chemotherapeutic drug sensitivity in pancreatic cancer cells.[@b6-ott-7-117] Other reports have indicated phenotypic changes consistent with EMT in breast, ovarian, and lung cancer cells that become resistant to drug therapy.[@b2-ott-7-117],[@b4-ott-7-117],[@b7-ott-7-117],[@b8-ott-7-117] Collectively, these results suggest a link between EMT and acquisition of drug resistance, but the mechanism(s) behind this link is becoming more complicated. Indeed, there are reports that strongly implicate a link between transforming growth factor-β (TGF-β) and EMT.[@b9-ott-7-117]--[@b13-ott-7-117] TGF-β is a multifunctional cytokine that is closely involved in regulating numerous physiologic processes, but also functions as a powerful tumor suppressor in mammary epithelial cells, neoplastic development of which ultimately converts TGF-β into an oncogenic cytokine in aggressive late-stage mammary tumors.[@b5-ott-7-117] Recent findings have implicated the process of EMT in mediating the functional conversion of TGF-β during progression of breast cancer, suggesting that the chemotherapeutic targeting of EMT induced by TGF-β may offer new approaches to amelioration of metastatic disease.[@b5-ott-7-117],[@b14-ott-7-117] Katoh et al have reported that activation of Hedgehog signaling leads indirectly to EMT through Notch, TGF-β signaling cascades, and regulatory networks of a small non-coding RNA molecule, ie, microRNA.[@b15-ott-7-117] For an example, Hedgehog signaling induces Notch ligand Jag2 upregulation for Notch-CSL-mediated SNAI1 upregulation, as well as TGF-β1 secretion for Zeb1 and Zeb2 upregulation via the TGF-β receptor and nuclear factor-κB.[@b15-ott-7-117] TGF-β-mediated downregulation of miR-141, miR-200a, miR-200b, miR-200c, miR-205, and miR-429 results in upregulation of the Zeb1 and Zeb2 proteins. Hedgehog signaling activation may indirectly lead to EMT through Notch, TGF-β signaling cascades, and microRNA regulatory networks.[@b15-ott-7-117] Olive et al reported that inhibition of Hedgehog signaling enhanced the delivery of gemcitabine chemotherapy in a KPC rodent model of pancreatic ductal adenocarcinoma.[@b16-ott-7-117] Collectively, it is proposed that if a drug could halt the process of EMT, it might also overcome chemoresistance and reduce metastasis, thereby improving the prognosis for patients diagnosed with pancreatic cancer.

Growth factor receptors, such as the epidermal growth factor receptor (EGFR), are upregulated and overexpressed in cancer cells.[@b17-ott-7-117] Cancer cells utilize signaling initiated by EGFR to establish an antiapoptotic state within the cell as well as to upregulate mitogenic, angiogenic, and proinvasive cellular mechanisms.[@b17-ott-7-117] EGFR signaling has also been linked to EMT.[@b18-ott-7-117] For example, therapeutic strategies targeting the EGFR and its inhibition caused a reversal of EMT in human pancreatic cancer.[@b18-ott-7-117] Other studies have suggested the potential role of EGFR signaling in establishing chemoresistance.[@b19-ott-7-117]--[@b22-ott-7-117] Given that EGFR signaling appears to be involved in both the acquisition of chemoresistance and induction of EMT, it represents a prime therapeutic target.

An insight into the mechanism of EGF-induced receptor activation came from our recent report on Neu1 sialidase and matrix metalloproteinase (MMP)-9 crosstalk in regulating the EGFR.[@b23-ott-7-117] That report highlights a receptor signaling paradigm involving an EGFR-induced G protein coupled receptor signaling process and MMP-9 activation to induce Neu1. This tripartite complex of neuromedin B G protein coupled receptor, MMP-9, and Neu1 forms an alliance with EGFR tethered at the ectodomain of the receptor on the cell surface. Active Neu1 in complex with EGFR hydrolyzes α-2,3-sialyl residues on the receptors, enabling removal of steric hindrance of receptor association and allowing subsequent dimerization, activation, and cellular signaling. Our group has previously reported the striking similarity between this novel receptor signaling platform for nerve growth factor (NGF) TrkA receptors,[@b24-ott-7-117] insulin (Alghamdi et al, unpublished data, 2013), and cell surface Toll-like receptor (TLR)-4,[@b25-ott-7-117]--[@b29-ott-7-117] and intracellular TLR-7 and TLR-9 receptors;[@b30-ott-7-117] these receptors are known to play a major role in cancer. Oseltamivir phosphate (Tamiflu®) was found to specifically target and inhibit the Neu1 activity associated with activation of these receptors by their ligands.[@b24-ott-7-117],[@b29-ott-7-117],[@b31-ott-7-117] The findings in the report on EGF receptors also propose an alternative therapeutic approach using oseltamivir phosphate as an exciting new anticancer agent targeting Neu1 sialidase as the key central enzyme within this novel EGFR signaling platform. Preclinical molecular targeting studies provide the proof-of-mechanism for Tamiflu as an effective treatment to inhibit growth and metastatic spread of human pancreatic cancer in heterotopic tumor xenografts growing in RAG2xCγ double mutant mice.[@b23-ott-7-117]

To elucidate the inhibitory ability of Tamiflu further, the 50% inhibitory concentration (IC~50~) of the compound was determined by plotting the decrease in sialidase activity against the log of the concentration of the agent. Tamiflu had an IC~50~ of 4.86 μM for EGF-induced sialidase activity in 3T3-EGFR cells,[@b23-ott-7-117] which is comparable with the reported IC~50~ of 3.8 μM for NGF-TrkA[@b24-ott-7-117] and 1.175 μM for lipopolysaccharide-TLR-4[@b29-ott-7-117] ligand-induced sialidase activity in TrkA-PC12 and BMC-2 macrophage cells. With regard to NGF-induced sialidase activity in TrkA-expressing cells, we also reported that other purified neuraminidase inhibitors such as zanamivir (4-guanidino-Neu5Ac2en) and oseltamivir carboxylate achieved limited inhibition of NGF-induced sialidase activity in live TrkA-PC12 cells at 1--2 mM compared with an NGF-positive control group.[@b24-ott-7-117] Other studies using recombinant soluble human sialidases have shown that oseltamivir carboxylate, the active metabolite of Tamiflu, scarcely inhibited the activity of the four human sialidases even at 1 mM,[@b32-ott-7-117] while zanamivir significantly inhibited the human Neu2 and Neu3 sialidases in the micromolar range. Other studies have found that zanamivir and 2-deoxy-2,3-didehydro-N-acetylneuraminic acid inhibited the endogenous sialidase activity of activated lymphocytes grown in culture, as evidenced by an altered sialylation pattern of cell surface proteins, and that this inhibition of sialidase activity resulted in reduced production of interferon-γ messenger RNA and protein levels in the 1--2 mM range.[@b33-ott-7-117]

This report describes the efficacy of oseltamivir phosphate in the treatment of pancreatic cancer cells and its ability to disable the potential cancer cell survival mechanism at the receptor signaling platform in pancreatic cancer with acquired chemoresistance. Our findings indicate a reversal of EMT following treatment with oseltamivir phosphate, as demonstrated by expression of N-cadherin, VE-cadherin, and E-cadherin as characteristic markers of EMT, and an increase in the sensitivity of chemoresistant pancreatic cancer cells to drug therapy. Oseltamivir phosphate may offer a promising therapeutic benefit in chemoresistant pancreatic cancers by interfering with growth factor receptor-induced survival signals and by disabling cancer cell survival mechanism(s).

Materials and methods
=====================

Cell lines
----------

PANC1 (human pancreatic carcinoma, epithelial-like, ATCC® CRL-1469™), MiaPaCa-2 (human pancreas carcinoma, epithelial cell, ATCC CRL-1420™), BPC-3 (pancreas adenocarcinoma, epithelial, ATCC CRL-1687™), and Capan-1 (pancreas adenocarcinoma derived from liver metastatic site, ATCC HTB-79™) cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA). The cells were grown in a 5% CO~2~ incubator at 37°C in culture containing Dulbecco's Modified Eagle's Medium (Gibco, Rockville, MD, USA) supplemented with 10% fetal calf serum (HyClone, Logan, UT, USA) and 5 μg/mL Plasmocin™ (InvivoGen, San Diego, CA, USA). When the cells reached \~80% confluence, they were passaged at least five times for use in the experiments.

Established PANC1 cell lines resistant to gemcitabine, cisplatin, or a combination of gemcitabine plus cisplatin were generated by exposing PANC1 cells to increasing concentrations of the indicated drugs in 1 × Dulbecco's Modified Eagle's Medium (10% fetal calf serum and 5 μg/mL Plasmocin). Dead cells were removed and the viable cells were maintained in culture at the highest indicated drug concentration. Once the surviving cells reached 80% confluence, they were passaged in the same concentration of the chemotherapeutic agent. Stable PANC1 cell lines resistant to 0.01 μM gemcitabine (PANC1-GemR), 80 μM cisplatin (PANC1-CisR), and 0.01 μM gemcitabine plus 80 μM cisplatin (PANC1-GemR/CisR) were used for in vitro experiments.

Isolation of peripheral blood mononuclear cells
-----------------------------------------------

About 20 mL of venous blood was collected from a healthy subject by venipuncture into heparinized tubes and processed immediately. The blood was diluted 1:1 in saline solution and layered over Ficoll-Hypaque solution (Sigma-Aldrich Canada Ltd, Oakville, ON, Canada) for separation of mononuclear cells. The recovered peripheral blood mononuclear cells were washed three times with sterile 1 × phosphate-buffered saline and resuspended in Roswell Park Memorial Institute 1640 medium (Gibco, Grand Island, NY, USA) containing heat-inactivated 10% fetal bovine serum, L-glutamine 2 mM, penicillin 100 U/mL, and streptomycin 1%, and adjusted to a concentration of 1 × 10^6^ cells/mL using a hemocytometer. Cell viability was ≥95% using Trypan blue staining under the microscope.

Reagents
--------

Gemcitabine hydrochloride (Sigma-Aldrich Canada Ltd) was dissolved in phosphate-buffered saline to create a 133.5 mM gemcitabine stock. This stock was serially diluted to produce 0.01 μM gemcitabine in 1 × Dulbecco's Modified Eagle's Medium containing 10% fetal calf serum and 5 μg/mL Plasmocin solution that was added to tissue culture flasks upon each change of medium.

Cisplatin (II) (Sigma-Aldrich Canada Ltd) was dissolved in dimethyl sulfoxide to create a 27.7 mmol cisplatin stock. This stock was serially diluted to produce 80 μM cisplatin in 1 × Dulbecco's Modified Eagle's Medium (10% fetal calf serum and 5 μg/mL Plasmocin) that was added to tissue culture flasks upon each change of medium. The stock solutions were also used to create various dosages of the chemotherapeutic agents to be used in the in vitro experiments.

Inhibitors
----------

Tamiflu® (oseltamivir phosphate free base, Hoffmann-La Roche Ltd, Mississauga, ON, Canada) was used at the concentrations indicated. Tamiflu 75 mg capsules were dissolved in sterile phosphate-buffered saline and centrifuged at 1,000 rpm for 10 minutes to remove the filler. The stock-extracted oseltamivir phosphate solution had a concentration of 15 mg/mL. Pure (98%) oseltamivir phosphate was obtained from Hangzhou DayangChem Co, Ltd (Hangzhou City, People's Republic of China). High-performance liquid chromatography (HPLC) analyses of the compounds showed a single histogram peak. Cell culture medium containing 1 × Dulbecco's Modified Eagle's Medium, 10% fetal calf serum, and 5 μg/mL Plasmocin with different concentrations of oseltamivir phosphate (200--800 μg/mL) were used for the in vitro and in vivo experiments.

HPLC analysis
-------------

A 1260 Infinity HPLC and a Poroshell 120 SB-C18 threaded column (Agilent Technologies, Santa Barbara, CA, USA) 4.6 mm × 50 mm (2.7 μm) were used. The extracted oseltamivir phosphate solution in sterile phosphate-buffered saline at 15 mg/mL was further diluted in HPLC grade methanol. Pure oseltamivir phosphate was dissolved in HPLC grade methanol only. The mobile phase was 60% HPLC grade methanol and 40% 0.04 M ammonium acetate buffer (pH 5.2) at a flow rate of 1 mL per minute. Oseltamivir phosphate was detected at 230 nm. The column temperature was 25°C, the injection volume was 20 μL, and each sample was analyzed for 10 minutes.

Antibodies
----------

Rabbit monoclonal E-cadherin antibody serum (Cell Signaling Technology, Inc, Danvers, MA, USA), which recognizes the human E-cadherin epitope, was used for immunocytochemistry at a 1:200 dilution and for immunohistochemistry using a 1:400 dilution according to the manufacturer's instructions. Purified rabbit monoclonal N-cadherin (Cell Signaling Technology, Inc) and VE-cadherin (Cell Signaling Technology, Inc) antibody serum, which recognizes the human N-cadherin and VE-cadherin epitopes, respectively, were used in immunocytochemistry at a 1:200 dilution according to the manufacturer's instructions.

DyLight™ 488 donkey anti-rabbit IgG secondary antibody (Santa Cruz Biotechnology, Inc, Santa Cruz, CA, USA) was used for immunocytochemistry to detect E-cadherin and VE-cadherin primary antibodies. A final concentration of 40 μg/mL was used. Alexa Fluor® 594 goat anti-rabbit secondary antibody (Santa Cruz Biotechnology, Inc) was used for immunocytochemistry to detect N-cadherin primary antibodies at a final concentration of 1 μg/mL. For immunohistochemistry, polyclonal goat anti-rabbit biotinylated immunoglobulin (Dako Canada, Inc, Burlington, ON, Canada) was used as a secondary antibody at a final concentration of 1.9 μg/mL.

Morphologic analysis
--------------------

The morphology of the PANC1 cells was analyzed after chronic exposure to chemotherapy. Cells were grown to 70%--80% confluence in the appropriate drug-free medium for the parental PANC1 cell line, and in medium with the indicated concentrations of chemotherapeutic drugs for the PANC1-GemR, PANC1-CisR, and PANC1-GemR/CisR cell lines. The flasks were visualized using light microscopy and pictures were taken using a camera mounted on the microscope (Fisher Scientific Company, Ottawa, ON, Canada) at 200× magnification. Additional PANC1-GemR cells were visualized using the mounted camera and pictures were taken at 70% confluence and 200× magnification (indicated time 0 hours). Oseltamivir phosphate (500 μg/mL) was added to the PANC1-GemR cells for 48 hours. Changes in cell shape and amount of cellular projections were monitored after addition of oseltamivir phosphate. Pictures were taken after 48 hours at 200× magnification.

Immunocytochemistry
-------------------

Immunocytochemistry was used to determine the presence of the characteristic epithelial marker E-cadherin, and the characteristic mesenchymal markers, N-cadherin and VE-cadherin, on the surface of parental PANC1 and chemoresistant PANC1 (ie, PANC1-GemR, PANC1-CisR, and PANC1-GemR/CisR) cells before and after addition of oseltamivir phosphate. The cells were plated in 24-well mul-tiwell plates with glass coverslips and cultured overnight in a 37°C CO~2~ incubator. The PANC1 cell line and chemoresistant cell lines (ie, PANC1-GemR, PANC1-CisR, and PANC1-GemR/CisR) were then pretreated with oseltamivir phosphate 600 μg/mL in Dulbecco's Modified Eagle's Medium for 24 hours. Next, the cells were fixed using 4% paraformaldehyde for 15 minutes, washed three times with cold Tris-buffered saline, and then blocked for 2 hours using 4% bovine serum albumin in Tris-buffered saline and Tween 20. After removal of the blocking buffer, primary antibodies for E-cadherin, N-cadherin, and VE-cadherin were added and kept at room temperature for one hour. After washing with Tris-buffered saline, secondary antibodies were added and incubated for one hour at 37°C. Chemoresistant and parental PANC1 cells were also analyzed, following the same method outlined above. The background control had no primary antibody added during the procedure described above. Stained cells were visualized 24 hours after completion of the assay using a Zeiss M2 fluorescence microscope (Carl Zeiss AG, Oberkochen, Germany) at 400× magnification.

Heterotopic xenograft mouse model of human pancreatic cancer
------------------------------------------------------------

An immunodeficient mouse with a double mutation combining recombinase activating gene-2 (RAG2) and common cytokine receptor γ chain (Cγ) was used as the xenograft model, as reported previously by our group.[@b23-ott-7-117] RAG2xCγ double mutant mice on a BALB/c genetic background are completely alymphoid (deficient in T-cells, B-cells, and natural killer cells), show no spontaneous tumor formation, and exhibit normal hematopoietic parameters. These mice were generated by intercrossing and were maintained in specific pathogen-free isolators in the animal care facility at Queen's University, Kingston, ON, Canada. A colony was established in the animal facility. All mice were kept under sterile conditions in micro-isolators or air-filtered cages, and were provided with autoclaved food and water. All mice used in the studies were approved by the animal care committee at Queen's University. They were used when aged 6--8 weeks.

Immunohistochemistry
--------------------

Immunohistochemistry was used to determine the presence of the characteristic epithelial marker, E-cadherin, in human pancreatic tumors removed at necropsy from tumor-bearing RAG2xCγ double mutant mice which had received various treatments (gemcitabine 30 mg/kg, oseltamivir phosphate 2 mg/kg, gemcitabine 30 mg/kg + oseltamivir phosphate 5 mg/kg, or untreated). Archived processed tumors embedded in paraffin blocks were obtained from a previous experiment. An immunodeficient mouse model with a double mutation in RAG2 and Cγ was used as a xenograft mouse model of human pancreatic cancer as previously reported by our group.[@b23-ott-7-117]

The RAG2xCγ double mutant mice were implanted cutaneously with 1 × 10^6^ PANC1 cells and treatment was started 22--23 days post-implantation. Treatment was continued until the mice either died or were euthanized at the end of the experiment. Tumor sections (5 μm) were deparaffinized, heated for 8 minutes in citrate buffer for antigen retrieval, placed in 0.03% H~2~O~2~ for 30 minutes to block endogenous peroxidases, rinsed three times in phosphate-buffered saline, and blocked in 1% bovine serum albumin (Fisher Scientific Company) overnight at 4°C. Sections were then incubated with primary E-cadherin antibody for one hour, followed by incubation with polyclonal goat anti-rabbit biotinylated secondary antibody for one hour and then incubation with Extra-Avidin® peroxidase (Sigma-Aldrich Canada Ltd) at a concentration of 0.25 μg/mL for 30 minutes. A DAB+ substrate chromogen system (Dako Canada, Inc) was added to the sections for 2 minutes according to the manufacturer's instructions. Sections were then counterstained using hematoxylin for 30 minutes and dehydrated. Coverslips were added using Permount mounting medium (Electron Microscopy Sciences, Hatfield, PA, USA). Background control sections were also prepared in the same way as above, with the exception of addition of the E-cadherin primary antibody. Tissue sections were visualized and photographed using a Zeiss Image M2 microscope at 400× magnification.

Deparaffinized and processed tumor sections (5 μm) were also treated with 4% bovine serum albumin in Tween-Tris buffered saline and immunostained with primary and secondary antibody over one-hour periods. The primary antibody contained 2 μg/mL rabbit anti-N-cadherin or anti-VE-cadherin followed with secondary donkey anti-rabbit IgG Alexa Fluor 488. The stained cells were observed using a Zeiss M2 fluorescence microscope at 200× magnification.

Alexa Fluor 488 phalloidin staining for F-actin
-----------------------------------------------

Cells (\~5 × 10^3^ per glass slide) were grown in 24-well tissue culture plates on 12 mm circular glass slides for 24 hours. The cells were fixed in 4% paraformaldehyde for 30 minutes on ice, and permeabilized with 0.2% Triton X-100 in phosphate-buffered saline for 5 minutes. The cells were then stained with Alexa Fluor 488 conjugated phalloidin (1:40 dilution of 300 U, Life Technologies Inc, Burlington, ON, Canada) in a blocking solution of 1% bovine serum albumin in phosphate-buffered saline for 7 minutes at room temperature. Cell staining was analyzed using a Zeiss M2 fluorescence microscope (40× objective).

WST-1 assay
-----------

The WST-1 assay, a measure of cell viability based on the reduction of a tetrazolium compound to a soluble derivative,[@b34-ott-7-117] was used. The absorbance recorded at 420 nm is directly proportional to the number of living cells in culture. At 80%--90% confluence, each cell line (ie, PANC1, PANC1 GemR, PANC1 CisR, and PANC1 GemR/CisR) was added to 96-well microwell plates at a density of 5,000 cells/well and incubated overnight. The cells were then exposed to increasing concentrations of Tamiflu (200--800 μg/mL) or left untreated as controls for 24, 48, and 72 hours. Absorbance readings were taken at 0, 24, 48, and 72 hours by adding WST-1 (Roche Diagnostics Division de Hoffman La Roche Limitée, Laval-des-Rapides, QC, Canada) as a cell proliferation reagent to each well (10% WST-1 in Dulbecco's Modified Eagle's Medium) followed by incubation at 37°C for 2 hours before reading at the indicated time points. Cell viability was presented as a percentage of control, and illustrated as a bar graph using GraphPad Prism software (GraphPad Software, La Jolla, CA, USA). The following formula was used to determine cell viability as a percent of control for each time point and Tamiflu/chemotherapeutic drug concentration:

\[

(

Absorbance of cells in given concentration of drug

)

−

(

Media absorbance

)

\]

/

\[

(

Absorbance of cells alone

)

−

(

Media absorbance

)

\]

×

100

.

Statistical analysis
--------------------

Comparisons between two groups were made by one-way analysis of variance at 95% confidence using the unpaired *t*-test and Bonferroni's multiple comparison test or uncorrected Fisher's least significant difference for comparisons between more than two groups.

Results
=======

Viability of PANC1 and PANC1 cells with chemoresistance to 0.01 μM gemcitabine when treated with pure and extracted oseltamivir phosphate at different doses using the WST-1 assay
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Using the 1260 Infinity HPLC system and Poroshell 120 SB-C18 threaded column, pure and extracted oseltamivir phosphate free base from 75 mg Tamiflu capsules at 500 μg/mL were tested for purity of the compounds. The data shown in [Figure 1A](#f1-ott-7-117){ref-type="fig"} and [B](#f1-ott-7-117){ref-type="fig"} clearly indicate a single chromatograph peak with no visible residue contaminants in the compounds. To test the in vitro effects of oseltamivir phosphate on cell viability using PANC1 cells and PANC1 cells with chemoresistance to 0.01 μM gemcitabine (PANC1-GemR), the cells was incubated in 96-well plates (5,000 cells/well) and allowed to adhere for 24 hours in 1 × Dulbecco's Modified Eagle's Medium containing 10% fetal calf serum. The medium was replaced with fresh Dulbecco's Modified Eagle's Medium containing 5% fetal calf serum without and with various concentrations of pure and extracted oseltamivir phosphate for 24, 48, and 72 hours as optimally predetermined. Cell viability as a percentage of control ± standard error of the mean of triplicate values was determined using the WST-1 cell proliferation assay, which is a measure of cell viability based on the reduction of a tetrazolium compound to the soluble derivative.[@b34-ott-7-117] The data shown in [Figure 1C](#f1-ott-7-117){ref-type="fig"}--[F](#f1-ott-7-117){ref-type="fig"} indicate that treatment of these pancreatic cancer cell lines with both pure and extracted Tamiflu reproducibly and dose-dependently decreased the cell viability (percentage of untreated control) after 24, 48, and 72 hours of incubation. It is noteworthy that the extracted Tamiflu had a better dose-dependent effect than the pure fraction on cell viability. These data are consistent with the results of our previous report indicating that treatment of PANC1 and MiaPaCa-2 pancreatic cancer cell lines with pure Tamiflu reproducibly and dose-dependently abated cell viability (percentage of untreated control) as determined by the tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell proliferation assay after 72 hours of incubation.[@b23-ott-7-117]

Using the MTT or WST-1 cell viability assays, the concentration of oseltamivir phosphate required to kill 50% of viable cells (LD~50~) in the different human pancreatic cancer cell lines is shown in [Table 1](#t1-ott-7-117){ref-type="table"}. The oseltamivir phosphate LD~50~ value of 2 μM for chemosensitive Capan-1 cells was \~700-fold lower than that for the other chemoresistant cell lines. The dose range used for oseltamivir phosphate had no significant effects on the viability of normal human mononuclear peripheral blood cells ([Figure 1G](#f1-ott-7-117){ref-type="fig"}). In addition, we have reported that heterotopic xenografts of MiaPaCa-2 tumors grown in RAGxCγ double mutant mice showed no side effects of Tamiflu 100 mg/kg given intraperitoneally daily for 7 days.[@b23-ott-7-117]

Response of long-term cultures of PANC1 cells with chemoresistance to 0.01 μM gemcitabine, 80 μM cisplatin, and a combination of both agents
--------------------------------------------------------------------------------------------------------------------------------------------

Phenotypic changes consistent with EMT, including increased spindle-shaped morphology and increased cellular projections (pseudopodia), have been reported in breast, ovarian, and lung cancer cells that become resistant to drug therapy.[@b2-ott-7-117],[@b3-ott-7-117],[@b35-ott-7-117] Given the morphologic changes seen in other types of chemoresistant cancer, we hypothesized that PANC1 cells surviving chemotherapeutic treatment in culture would show increased spindle-shaped morphology and cellular projections. The data depicted in [Figures 2](#f2-ott-7-117){ref-type="fig"}--[4](#f4-ott-7-117){ref-type="fig"} are consistent with this hypothesis. PANC1 cells resistant to 80 μM cisplatin ([Figure 2B](#f2-ott-7-117){ref-type="fig"}), 0.01 μM gemcitabine ([Figure 3B](#f3-ott-7-117){ref-type="fig"}), and a combination of these drugs ([Figure 4B](#f4-ott-7-117){ref-type="fig"}) show increased cellular projections and more spindle-shaped cells compared with untreated control PANC1 cells ([Figures 2A](#f2-ott-7-117){ref-type="fig"}--[4A](#f4-ott-7-117){ref-type="fig"}, respectively). These morphologic observations were confirmed using Alexa Fluor 488 conjugated phalloidin staining of fixed and permeabilized representative cells (inserts), which is a high-affinity probe for filamentous F-actin. These results suggest that chronic exposure of PANC1 cells to gemcitabine, cisplatin, or a combination of both drugs establishes chemoresistance and is accompanied by EMT.

Oseltamivir phosphate induces mesenchymal to epithelial transition morphology in PANC1 cells with resistance to gemcitabine
---------------------------------------------------------------------------------------------------------------------------

If promising targets for new pancreatic cancer therapeutics are enzymes in the survival mechanisms against chemotherapeutics, we hypothesized whether Neu1 sialidase acting at the growth factor receptor level is a druggable target using oseltamivir phosphate involved in our newly discovered signaling platform.[@b31-ott-7-117] To test this, chemoresistant PANC1 cells were treated with oseltamivir phosphate 500 μg/mL for 48 hours. The data in [Figure 3C](#f3-ott-7-117){ref-type="fig"} show a morphologic change in PANC1-GemR cells treated with oseltamivir phosphate compared with untreated PANC1-GemR control cells ([Figure 3B](#f3-ott-7-117){ref-type="fig"}). PANC1-GemR cells appeared more organized and columnar in shape following treatment with oseltamivir phosphate, and similar to PANC1 cells ([Figure 3A](#f3-ott-7-117){ref-type="fig"}), which are more characteristic of epithelial cells.[@b2-ott-7-117] However, some of the PANC1-GemR cells showed a spindle-shaped morphology following treatment with oseltamivir phosphate.

Treatment of chemoresistant PANC1 cells with oseltamivir phosphate disables cancer cell survival
------------------------------------------------------------------------------------------------

Other reports have linked EMT with the acquisition of drug resistance.[@b2-ott-7-117],[@b3-ott-7-117],[@b35-ott-7-117] The results reported in this study indicate the ability of oseltamivir phosphate to partially induce mesenchymal to epithelial transition (MET) in chemoresistant PANC1 cells. It was therefore hypothesized that chemoresistant PANC1 cells in the presence of oseltamivir phosphate might become more sensitive to the chemotherapeutic agent, resulting in decreased viability of chemoresistant PANC1 cells. Using the WST-1 assay, the viability of cells treated with different combinations of oseltamivir phosphate and/or the chemotherapeutic agent was compared with that of the untreated control cells.

The data shown in [Figures 2](#f2-ott-7-117){ref-type="fig"}--[4](#f4-ott-7-117){ref-type="fig"} indicate an inability of the chemotherapeutic drugs to decrease the viability of PANC1 cells compared with untreated control cells. PANC1 cells treated with cisplatin doses up to 320 μM ([Figure 2B](#f2-ott-7-117){ref-type="fig"}), gemcitabine up to 0.5 μM ([Figure 3D](#f3-ott-7-117){ref-type="fig"}), and various combinations of gemcitabine/cisplatin dosages ([Figure 4C](#f4-ott-7-117){ref-type="fig"}) show limited effects on cell viability compared with the untreated control group. These results confirm the strong ability of PANC1 cells to become chemoresistant. Treatment of long-term chemoresistant PANC1 cells with oseltamivir phosphate caused a significant dose-dependent reduction of cell viability (\~95% reduction up to 72 hours as a percentage of untreated control PANC1 cells; 96% reduction for PANC1-CisR \[[Figure 2D](#f2-ott-7-117){ref-type="fig"}\]; 95% reduction for PANC1-GemR \[[Figure 3E](#f3-ott-7-117){ref-type="fig"}\], and 96% reduction for PANC1-GemR/CisR \[[Figure 4D](#f4-ott-7-117){ref-type="fig"}\]).

Cadherin expression on surface of chemoresistant PANC1 cells following treatment with oseltamivir phosphate
-----------------------------------------------------------------------------------------------------------

Given that treatment with oseltamivir phosphate results in morphologic changes characteristic of MET, we wondered whether this treatment would also result in decreased expression of the cell surface mesenchymal marker, N-cadherin, and increased expression of the cell surface epithelial marker, E-cadherin. Expression of VE-cadherin was also investigated, given the role that this cadherin plays in tumor angiogenesis and progression of cancer.[@b36-ott-7-117] Expression of both cadherins was investigated in PANC1 cells and chemoresistant PANC1-GemR, PANC1-CisR, and PANC1-GemR/CisR cells using immunocytochemistry. The data shown in [Figure 5](#f5-ott-7-117){ref-type="fig"} indicate that treatment with oseltamivir phosphate 600 μg/mL (1.46 mM) for 24 hours resulted in significantly increased expression of E-cadherin by PANC1-GemR cells, but no significant differences for PANC1-CisR and PANC1-GemR/CisR cells. There was a significant decrease in expression of N-cadherin and VE-cadherin in PANC1, PANC1-CisR, and PANC1-GemR/CisR cells, with the exception of VE-cadherin in PANC1-GemR/CisR cells following treatment with oseltamivir phosphate at 600 μg/mL for 24 hours. Background antibody binding was confirmed for each cell line (ie, PANC1, PANC1-GemR, PANC1-CisR, and PANC1-GemR/CisR) where cells were incubated only with secondary antibodies. The results suggest that chemoresistant PANC1 cells express higher amounts of N-cadherin compared with PANC1 cells, but this expression was significantly reduced with a concomitant increase in E-cadherin following treatment with oseltamivir phosphate for 24 hours.

Cadherins in necropsy paraffin-embedded tumor sections from PANC1 tumor-bearing xenografts in RAGxCγ double mutant mice
-----------------------------------------------------------------------------------------------------------------------

E-cadherin, N-cadherin, and VE-cadherin expression was analyzed in archived paraffin-embedded necropsy tumor sections from PANC1 tumor-bearing xenografts in RAGxCγ double mutant mice treated with either gemcitabine 30 mg/kg, oseltamivir phosphate 2 mg/kg, or oseltamivir phosphate 5 mg/kg plus gemcitabine 30 mg/kg, and in the untreated cohort. Since oseltamivir phosphate has an effect on E-cadherin expression in chemoresistant PANC1 cells, we investigated whether paraffin-embedded necropsy tumor sections would show differences in E-cadherin expression. Using avidin/biotin peroxidase immunohistochemical analysis, it was found that necropsy tumor sections from mice treated with oseltamivir phosphate alone or in combination with gemcitabine showed strong staining for E-cadherin ([Figure 6](#f6-ott-7-117){ref-type="fig"}) compared with the tumor sections from untreated and gemcitabine-treated cohorts. Background control sections that received no primary antibody were used to show minimal nonspecific staining.

In addition, we used fluorescence immunohistochemistry on the same paraffin-embedded necropsy tumor sections. The data shown in [Figure 7C](#f7-ott-7-117){ref-type="fig"} confirm the results using avidin/biotin peroxidase analysis. They indicate that PANC1 tumor cells from an untreated tumor-bearing mouse showed more N-cadherin and VE-cadherin staining than E-cadherin staining compared with the background control. The fluorescent images showed consistency over five or more different locations of the tumor section. Unexpectedly, tumor tissue from the mouse treated with gemcitabine showed N-cadherin and VE-cadherin staining similar to that of tumor tissue from an untreated mouse. In contrast, tumor tissue obtained from the mouse treated with oseltamivir phosphate at 5 mg/kg in combination with gemcitabine 30 mg/kg had more E-cadherin staining than N-cadherin and VE-cadherin staining. This low dose of oseltamivir phosphate in the tumor-bearing mouse either alone or in combination with gemcitabine did not prevent metastatic spread to the liver ([Figure 7D](#f7-ott-7-117){ref-type="fig"}) or lung ([Figure 7E](#f7-ott-7-117){ref-type="fig"}). These latter results suggest that the oseltamivir phosphate regimen requires an optimal dosage for metastatic cancer treatment.

Discussion
==========

In this report, chronic treatment of PANC1 cells with 0.01 μM gemcitabine, 80 μM cisplatin, or a combination of these two agents resulted in characteristic morphologic changes, with increased spindle-shaped morphology and more cellular projections. In addition, there were clear molecular changes involving increased expression of N-cadherin and VE-cadherin and decreased expression of E-cadherin. These observations with the cadherin markers are consistent with other reports describing their role in EMT.[@b37-ott-7-117]--[@b39-ott-7-117] We also identified that oseltamivir phosphate, a neuraminidase-1 inhibitor, has the ability to induce MET both in vitro and in vivo. Chemoresistant PANC1 cell lines (PANC1-GemR, PANC1-CisR, and PANC1-GemR/CisR) treated with oseltamivir phosphate showed the largest reduction in cell viability compared with PANC1 cells treated with chemotherapy alone. These results highlight the synergistic impact of oseltamivir phosphate and chemotherapeutic agents on the viability of chemoresistant PANC1 cells. They also suggest the potential for oseltamivir phosphate to increase the sensitivity of chemoresistant cancer cells to chemotherapeutic drugs that were originally ineffective.

The findings of this study also identify an alternative therapeutic approach using oseltamivir phosphate as an exciting new anticancer agent. We have recently reported that Neu1 sialidase acts via a receptor level signaling pathway on the cell surface to modulate a number of glycosylated receptors,[@b31-ott-7-117] such as EGFR,[@b23-ott-7-117] NGF TrkA,[@b24-ott-7-117] and TLRs,[@b25-ott-7-117]--[@b29-ott-7-117] and these receptors are known to play a major role in cancer. Oseltamivir phosphate has been shown to specifically target and inhibit Neu1 activity associated with ligand-induced receptor activation.[@b29-ott-7-117] Central to this process is a Neu1-MMP-9 complex that is tethered to EGFR,[@b23-ott-7-117] TrkA,[@b24-ott-7-117] and TLR-4[@b25-ott-7-117] on the cell surface and TLR-7 and TLR-9[@b31-ott-7-117] in the endosomal compartments of naive cells. Indeed, other reports have provided supporting evidence for a role of Neu1 in the receptor glycosylation modification model in respiratory airway epithelium.[@b40-ott-7-117] Neu1 was found to associate with EGFR and cell surface-associated mucin-1 (MUC1) in epithelial cells in the respiratory airway, and this association was found to be regulated by stimulation of EGF.[@b40-ott-7-117] It was proposed that EGF receptors are substrates for Neu1 in vivo, and Neu1 expression is involved in repair of epithelium in the airways and wound healing, tumorigenesis, and metastatic potential. MUC1 (CD227) is a membrane-associated mucin glycoprotein, and is overexpressed in human pancreatic cancers. It is also associated with a poor prognosis, enhanced metastasis, and chemoresistance. Another report found that MUC1 induces drug resistance in human (BxPC3 and Capan-1) and mouse (KCKO, KCM) pancreatic cancer cells.[@b41-ott-7-117] These pancreatic cancer cells expressed high levels of MUC1 and showed increased resistance to chemotherapeutic drugs such as gemcitabine and etoposide in comparison with cells expressing low levels of MUC1. This chemoresistance was attributed to enhanced expression of multidrug resistance genes including *ABCC1*, *ABCC3*, *ABCC5*, and *ABCB1*.[@b41-ott-7-117] Of particular interest, levels of multidrug resistance-associated protein-1 (MRP1) encoded by the *ABCC1* gene were significantly higher in MUC1-expressing cancer cells. MUC1 upregulated MRP1 in BxPC3 and Capan-1 cells via an Akt-dependent signaling pathway, whereas in KCM cells, MUC1-mediated MRP1 upregulation was mediated by an Akt-independent mechanism(s). The reason(s) for this disparity in these cancer cells is unclear, but in KCM, BxPC3, and Capan-1 cells, the cytoplasmic tail motif of MUC1 associated directly with the promoter region of the *Abcc1/ABCC1* gene. This latter report provides evidence for a critical role of MUC1 in directly regulating the expression of multidrug resistant genes in pancreatic cancer cells, and thus conferring drug resistance.[@b41-ott-7-117] Neu1 sialidase activity has been shown to regulate MUC1,[@b40-ott-7-117] suggesting that multidrug resistance might be one of the mechanisms via which PANC1-GemR, PANC1-CisR, and PANC1-GemR/CisR cells become resistant. It is exciting to propose here that oseltamivir phosphate targeting Neu1 may also impact on this MUC1-mediated MRP1 upregulated pathway in addition to its impact on EGFR[@b23-ott-7-117] and other growth factor receptors.

When colon cancer HT29 cells overexpressing Neu1 were injected trans-splenically into mice, liver metastasis was significantly reduced.[@b42-ott-7-117] To explain these results, overexpression of Neu1 was proposed to desialylate the terminally sialylated N-linked oligosaccharides to which ganglioside GM3 binds at the ectodomain of EGFR, thereby promoting the GM3-EGFR interaction and attenuation of EGFR activation.[@b40-ott-7-117] The inhibitory modulation of EGF receptor activity by changes in the GM3 content in epidermoid cell lines has been well documented.[@b43-ott-7-117]--[@b49-ott-7-117] Overexpression of Neu1 in colon cancer HT29 cells was proposed to desialylate the integrin β4 protein, which abrogated its role in metastasis.[@b42-ott-7-117] Others have shown that stable transfection of a gene encoding a soluble Mr 42,000 sialidase into a human epidermoid carcinoma cell line did not modify the binding of EGF to its receptor, but enhanced EGFR tyrosine autophosphorylation and diminished the level of ganglioside GM3.[@b50-ott-7-117]

In this report, the data indicate that chemoresistance may induce EMT in pancreatic cancer cells. Signs of EMT such as increased spindle-shaped morphology were noted in cells that survived chronic exposure to chemotherapy. These results are consistent with the findings of other reported studies.[@b2-ott-7-117],[@b6-ott-7-117],[@b35-ott-7-117],[@b51-ott-7-117] For instance, Kajiyama et al reported chemoresistance to paclitaxel in epithelial ovarian carcinoma cells with pronounced EMT, as illustrated by spindle-shaped morphology and enhanced formation of pseudopodia.[@b51-ott-7-117] In the present study, treatment of PANC1-GemR cells with oseltamivir phosphate caused a partial reversal of EMT towards the MET morphology. Other studies have similarly noted a change from a mesenchymal-like to an epithelial-like phenotype in cancer cells that have been induced to reverse EMT.[@b52-ott-7-117] Although only a minimal change in cell morphology was observed in PANC1-GemR cells, longer incubation periods (ie, longer than 48 hours) may lead to more pronounced morphologic changes.

Treatment with oseltamivir phosphate also had an effect on expression levels of E-cadherin, N-cadherin, and VE-cadherin in the original PANC1 cells in vitro. PANC1 cells treated with oseltamivir phosphate at 600 μg/mL showed a small decrease in expression of N-cadherin and VE-cadherin, and an increase in E-cadherin expression. These findings suggest that oseltamivir phosphate is able to impact cancer cells that are not exposed to chronic levels of chemotherapy, causing these cells to become more epithelial-like and perhaps restricting tumor growth to a localized area. In addition, treatment with oseltamivir phosphate had an effect on E-cadherin, N-cadherin, and VE-cadherin expression in chemoresistant PANC1 cells. In particular, expression of N-cadherin and VE-cadherin decreased consistently and significantly across all chemoresistant cell lines after exposure to oseltamivir phosphate. Although epithelial cells do not typically express N-cadherin and VE-cadherin, cancer cells have been reported to show aberrant expression of these cell surface markers, especially cells that have undergone EMT.[@b53-ott-7-117] Labelle et al suggested that EMT leads to increased VE-cadherin expression in invasive human breast carcinoma, and that this increased VE-cadherin expression enhances the capacity of tumor cells to proliferate and form cord-like invasive structures.[@b54-ott-7-117] The results of the present study are not only consistent with these findings, but also extend, for the first time, the relevance of VE-cadherin expression in cancer progression to include pancreatic cancer. Other investigators have noted an interplay between N-cadherin and VE-cadherin expression,[@b36-ott-7-117] suggesting that downregulation of N-cadherin may induce subsequent downregulation of VE-cadherin from the cell surface. Consistent with this coexpression relationship between N-cadherin and VE-cadherin, the results of our study show that treatment with oseltamivir phosphate caused downregulation of both N-cadherin and VE-cadherin after 24 hours. This suggests that expression of N-cadherin and VE-cadherin is regulated by a common pathway, thereby providing confirmation additional to that of previous reports.[@b53-ott-7-117],[@b54-ott-7-117] Given that N-cadherin expression promotes motility and VE-cadherin results in tumor angiogenesis, downregulation of these cell markers by oseltamivir phosphate may lead to a less invasive cancer cell phenotype.

One unexpected result of our study was the relatively indistinguishable difference in E-cadherin expression in PANC1 chemoresistant lines after treatment with oseltamivir phosphate. It was expected that chemoresistant PANC1 cells would show a larger increase in expression of E-cadherin after treatment with oseltamivir phosphate, given the more noticeable impact of oseltamivir phosphate on N-cadherin and VE-cadherin expression in these cell lines. Others have noted situations where the "cadherin switching" associated with EMT does not significantly impact levels of E-cadherin expression, in contrast with the large changes observed in N-cadherin expression.[@b55-ott-7-117] Based on these observations, it is possible that the reversal of EMT towards a MET phenotype induced by oseltamivir phosphate does not have a large impact on E-cadherin levels. However, since only one dose of oseltamivir phosphate and one incubation period were used, further studies using higher doses of oseltamivir phosphate and longer incubation times might reveal differences in E-cadherin expression in PANC1 chemoresistant cells.

A recent report has indicated that EMT in cancer cells may be non-chemoresistant.[@b18-ott-7-117] However, the characteristic EMT changes were not observed in the original PANC1 cells in our study until these cells had been passaged multiple (7--10) times. In contrast, PANC1 cells chronically exposed to gemcitabine and cisplatin showed characteristic signs of EMT after 3--5 passages. These observations suggest that PANC1 cells surviving chemotherapy are induced to undergo EMT perhaps more quickly than PANC1 cells not in the presence of drug. This paradoxical finding that cancer chemotherapy may actually promote more efficient development of an invasive phenotype is particularly concerning, given the already poor prognosis of pancreatic cancer.[@b18-ott-7-117]

Immunohistochemical analyses of tumors obtained from tumor-bearing mice support the results obtained by immunocytochemical analysis of the cancer cells in culture. Consistent with the increase in E-cadherin expression seen in the original PANC1 cells in vitro, mice receiving treatment with oseltamivir phosphate showed increased expression of E-cadherin in necropsy tumors. This finding is consistent with the ability of oseltamivir phosphate to cause a reversal of EMT towards a MET phenotype in PANC1 cells in culture, but this did not prevent metastatic spread to the liver or lung in tumor-bearing mice ([Figure 7D](#f7-ott-7-117){ref-type="fig"} and [E](#f7-ott-7-117){ref-type="fig"}). Tumors obtained from mice treated with gemcitabine showed little staining for E-cadherin. One explanation for this may be that these tumor cells had acquired resistance to gemcitabine and had undergone EMT. Therefore, it would be expected that expression of E-cadherin in these tumors would be minimal. Indeed, tumor-bearing mice receiving gemcitabine only showed a high rate of liver and lung metastasis, suggesting chemoresistance and EMT behavior in these cancer cells.

The results of the present study also show the ability of oseltamivir phosphate to increase the sensitivity of chemoresistant PANC1 cells to chemotherapy. It is likely that the presence of oseltamivir phosphate in the medium caused chemoresistant PANC1 cells to become more susceptible to chemotherapy. This would explain the larger reduction in cell viability observed in chemoresistant PANC1 cells treated with oseltamivir phosphate compared with PANC1 cells treated with chemotherapy alone. Given that oseltamivir phosphate is able to reverse EMT, it is possible that epithelial cell types are more sensitive to chemotherapy treatment. This concept is consistent with another report[@b6-ott-7-117] noting an increase in drug sensitivity in pancreatic cancer cells when epithelial markers such as E-cadherin are induced to be expressed in higher amounts.

The precise mechanism(s) involved in EMT, acquisition of chemoresistance, and the direction of the causation relationship between these two cancer processes has not been fully elucidated.[@b56-ott-7-117] EMT development may be the result of drug resistance in the cancer cell.[@b57-ott-7-117] Transcription factors such as Zeb1, Snail, Slug, and Twist, which are known to be upregulated when EMT is induced, may be the molecular players involved in the chemoresistance process.[@b6-ott-7-117],[@b57-ott-7-117] On the other hand, the results reported in this study, as well as findings reported by others,[@b51-ott-7-117] highlight the possibility that development of chemoresistance might also involve induction of EMT. Further studies should be directed towards elucidating the mechanistic link between EMT and chemoresistance.

While the results of this study cannot directly determine if chemoresistance causes EMT, or if EMT leads to chemoresistance, they do point to the potential involvement of growth factor receptor signaling in both of these processes. Treatment with oseltamivir phosphate resulted in reversal of the cadherin changes associated with EMT. In addition, it also caused increased sensitivity to gemcitabine and cisplatin in PANC1 cell lines with stable resistance to these drugs. Our findings suggest that oseltamivir phosphate targets a common pathway shared by EMT and chemoresistance in pancreatic cancer. Since oseltamivir phosphate is an inhibitor of Neu1, this common pathway likely involves a molecular signaling platform of Neu1-MMP9 crosstalk in regulating growth factor receptors,[@b31-ott-7-117] such as EGFR, Trk,[@b24-ott-7-117] insulin and TLRs.[@b25-ott-7-117],[@b26-ott-7-117],[@b30-ott-7-117] Given that other reports have noted the role of specific transcription factors, such as Snail and Slug, in inducing EMT, it is likely that growth factor receptor signaling leads to increased expression of these molecules.[@b18-ott-7-117] Indeed, a possible mechanism for EMT has been suggested to involve TGF-β1 in inducing the Snail transcription factor in epithelial cell lines,[@b58-ott-7-117] and the transcription factor Slug in repressing E-cadherin expression and inducing EMT.[@b59-ott-7-117] Medici et al have reported that both Snail and Slug can promote EMT through β-catenin-T-cell factor-4-dependent expression of TGF-β3.[@b60-ott-7-117] The cooperation or direct activation of proteolytic enzymes, such as MMP-2 and MMP-9 (gelatinase A and B, respectively), has been shown to be induced by the TGF-β and fibroblast growth factor 2 signaling cascades.[@b61-ott-7-117],[@b62-ott-7-117] Increased synthesis and activation of MMP-2 and MMP-9 in response to TGF-β leads to degradation of the collagen type IV component of the basement membrane. Inhibition of collagen type IV assembly is sufficient to induce EMT in murine renal epithelial cells in vitro.[@b63-ott-7-117] Expression of Snail and MMP-9 might be closely connected in invasive tumors, since they have both been implicated in similar invasive processes.[@b64-ott-7-117] Moreover, it has been shown that Snail induces MMP-9 secretion via multiple signaling pathways, and that Snail leads to transcriptional upregulation of MMP-9 in cooperation with oncogenic H-Ras (RasV12).[@b65-ott-7-117] Taken together, these different signaling paradigms involved with EMT in cancer suggest that modification of growth factor receptor glycosylation involving the receptor-signaling platform of Neu1-MMP-9 crosstalk[@b23-ott-7-117],[@b31-ott-7-117] may in fact be the invisible link connecting TGF-β signaling cascades, Hedgehog signaling activation through Notch, and the microRNA regulatory networks.[@b15-ott-7-117] It is noteworthy that when individual tumors were taken from oseltamivir phosphate-treated cohorts, they showed a significant decrease in phosphorylation of EGFR-Tyr1173, Stat1-Tyr701, and NFκBp65-Ser311 compared with the untreated cohort as determined by Western blot analysis.[@b23-ott-7-117] Bio-Plex® multiplex phosphoprotein analyses of the tumor lysates also showed a reduction in phosphorylation of Akt-Thr308, PDGFRα-Tyr754, and STAT1-Tyr701, but unexpectedly, an increase in phospho-Smad2-Ser465/467 and phospho-VEGFR2-Tyr1175 in the oseltamivir phosphate-treated cohort compared with the untreated cohort. Indeed, the Smad2 protein that is recruited to TGF-β receptors through its interaction with the SMAD anchor for receptor activation protein to mediate the TGF-β signal has been reported to function as a suppressor of prostate[@b66-ott-7-117] and breast[@b67-ott-7-117] epithelial cancer cells as well as a suppressor of EMT during formation and progression of skin cancer.[@b68-ott-7-117],[@b69-ott-7-117] The integration of Smad signaling into epithelial cell plasticity is eloquently reviewed by Sundqvist et al[@b70-ott-7-117] and Miyazono et al.[@b71-ott-7-117] Indeed, there is an intimate connection between Smad proteins and AP-1 components that determines TGF-β-induced invasion of breast cancer cells, and may involve Smad2/3-Fra1 complexes in the activation of the Smad/AP-1-dependent TGF-β-induced invasion program.[@b72-ott-7-117] We propose here that treatment with oseltamivir phosphate strategies take the form of a horizontal approach, in which several important cancer growth factor receptor signaling platforms, oncogenic pathways, and macrophage-mediated tumor progression mechanisms are targeted with promising therapeutic intent.

The results of this study are the first to show the ability of oseltamivir phosphate to reverse EMT and decrease the viability of chemoresistant PANC1 cells in vitro. Overall, given the ability of oseltamivir phosphate to increase E-cadherin expression and decrease N-cadherin and VE-cadherin expression, pancreatic cancer cells treated with this compound may become more adherent to the surrounding tissue and not metastasize. Further, the ability of oseltamivir phosphate to increase the sensitivity of chemoresistant cancer cells to drug therapy might allow for control of tumor size in patients. Oseltamivir phosphate represents a potentially promising alternative treatment for pancreatic cancer.
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![Viability of PANC1 cells and PANC1-GemR cells treated with pure and extracted (75 mg Tamiflu® capsules) oseltamivir phosphate at different doses using the WST-1 assay. HPLC chromatogram of (**A**) extracted oseltamivir phosphate (75 mg Tamiflu capsules) and (**B**) pure oseltamivir phosphate (98% purity). (**C** and **D**) Viability of PANC1 cells treated with extracted and pure oseltamivir phosphate at different dosages. (**E** and **F**) Viability of PANC1-GemR cells treated with extracted and pure oseltamivir phosphate. (**G**) Viability of normal human PBMCs treated with pure oseltamivir phosphate at different dosages. \**P*\<0.01 versus untreated controls (n=3).\
**Abbreviations:** HPLC, high-performance liquid chromatography; PBMC, peripheral blood mononuclear cells; PANC1-GemR, PANC1 cells with established chemoresistance to 0.01 μM gemcitabine; SEM, standard error of the mean; Ext, extracted.](ott-7-117Fig1){#f1-ott-7-117}

![Morphology and viability of PANC1 cells and PANC1-CisR cells. Morphology of live (**A**) PANC1 and (**B**) PANC1-CisR cells was visualized using inverted light microscopy and imaged with a digital camera mounted on the microscope at 200× magnification. Images shown are representative of at least two fields of view on five different days (capturing the morphologic changes through five cell passages). Inserts: representative Alexa Fluor 488® (Life Technologies Inc, Burlington, ON, Canada) phalloidin cell staining for F-actin. (**C**) Viability of PANC1 cells treated with cisplatin at different dosages. Error bar represents the SEM for six independent trials. (**D)** Viability of PANC1-CisR cells treated with oseltamivir phosphate. Error bar represents the SEM for six independent trials. \**P*\<0.01 versus untreated controls (n=6).\
**Abbreviations:** PANC1-CisR, PANC1 cells with established chemoresistance to 80 μM cisplatin; SEM, standard error of the mean.](ott-7-117Fig2){#f2-ott-7-117}

![Morphology and cell viability of PANC1 and PANC1-GemR cells. Morphology of live (**A**) PANC1 cells, (**B**) PANC1-GemR cells, and (**C**) PANC1-GemR cells treated with oseltamivir phosphate 500 μg/mL for 24 hours was visualized using an inverted light microscopy at 200× magnification. Images shown are representative of at least two fields of view on five different days (capturing the morphologic changes through five cell passages). Inserts: representative Alexa Fluor 488® (Life Technologies Inc, Burlington, ON, Canada) phalloidin cell staining for F-actin. (**D**) Viability of PANC1 cells treated with gemcitabine at the indicated dosage was performed using the WST-1 assay. (**E)** Viability of PANC1-GemR cells treated with oseltamivir phosphate. Error bar represents the SEM for six independent trials. \**P*\<0.01 versus untreated controls (n=6).\
**Abbreviations:** PANC1-GemR, PANC1 cells with established chemoresistance to 0.01 μM gemcitabine; SEM, standard error of the mean.](ott-7-117Fig3){#f3-ott-7-117}

![Morphology and viability of PANC1 cells and PANC1-GemR/CisR cells. The morphology of live (**A**) PANC1 cells and (**B**) PANC1-GemR/CisR cells was visualized using an inverted light microscopy at 200× magnification. The images shown are representative of at least two fields of view on five different days (capturing the morphologic changes through five cell passages). Inserts: representative Alexa Fluor 488® (Life Technologies Inc, Burlington, ON, Canada) phalloidin cell staining for F-actin. (**C**) Viability of PANC1 cells treated with a combination of gemcitabine and cisplatin at the indicated dosages. (**D)** Viability of PANC1 GemR/CisR cells treated with oseltamivir phosphate at the indicated dosages. Error bars represent the SEM for six independent trials. \**P*\<0.01 versus no treatment control groups (n=6).\
**Abbreviations:** PANC1-GemR/CisR, PANC1 cells with established chemoresistance to a combination of 0.01 μM gemcitabine and 80 μM cisplatin; SEM, standard error of the mean.](ott-7-117Fig4){#f4-ott-7-117}

![Expression of E-cadherin, N-cadherin, and VE-cadherin on the surface of PANC1, PANC1-GemR, PANC1-CisR, and PANC1-GemR/CisR cells following treatment with Tamiflu® 600 μg/mL for 24 hours. Immunocytochemistry was performed on fixed, nonpermeabilized cells. The indicated primary antibodies for E-cadherin, N-cadherin, and VE-cadherin were used, followed by Alexa Fluor® 594 (Life Technologies Inc, Burlington, ON, Canada) secondary antibody for the primary antibody against N-cadherin and DyLight™ 488 (Santa Cruz Biotechnology, Inc, Santa Cruz, CA, USA) secondary antibody for primary antibodies against E-cadherin and VE-cadherin. The background controls had no primary antibody during the staining procedure. The stained cells were visualized after 24 hours using a Zeiss M2 Imager fluorescence microscope (Carl Zeiss AG, Oberkochen, Germany) at 400× magnification. Images are representative of at least four fields of view in three separate trials. Quantitative analysis was done by assessing the density of cell staining corrected for background in each panel using Corel Photo Paint 8.0 software (Corel Corporation, Ottawa, ON, Canada). Each bar in the figures represents the mean (± standard error of the mean) corrected density of culture cell staining for equal cell density (5 × 10^5^ cells) within the respective images. *P*-values represent significant differences at 95% confidence using Dunnett's multiple comparison test compared with untreated control group.\
**Abbreviations:** 1° Ab, primary antibody; PANC1-GemR, PANC1 cells with established chemoresistance to 0.01 μM gemcitabine; PANC1-GemR/CisR, PANC1 cells with established chemoresistance to a combination of 0.01 μM gemcitabine and 80 μM cisplatin; cad, cadherin; Bkg, background; SE, standard error.](ott-7-117Fig5){#f5-ott-7-117}

![Avidin/biotin peroxidase immunohistochemical detection of E-cadherin in paraffin-embedded tumor tissues archived from xenograft tumors of PANC1 cells growing in RAGxCγ double mutant mice. Mice were implanted with 1 × 10^6^ PANC1 cells cutaneously on the rear flank and treatment was started at 22--23 days post implantation when tumors reached 100--200 mm^3^. Gemcitabine 30 mg/kg was injected intraperitoneally twice weekly in a D4 mouse and a tumor necropsy specimen was taken at day 112. Oseltamivir phosphate 2 mg/kg was injected intraperitoneally daily in a B4 mouse and a tumor necropsy specimen was taken at day 94. Gemcitabine 30 mg/kg (twice weekly) followed with oseltamivir phosphate at 5 mg/kg daily were injected intraperitoneally in an I1 mouse and a tumor necropsy specimen was taken at day 108. An untreated control A2 mouse received no treatment and a tumor necropsy specimen was taken at day 77. Paraffin-embedded tumor sections (5 μm) on glass slides were processed for immunohistochemistry using primary anti-E-cadherin antibody followed with goat anti-rabbit biotinylated secondary antibody and Extra-Avidin® (Sigma-Aldrich Canada Ltd, Oakville, ON, Canada) peroxidase. A DAB+ substrate chromogen system was added followed with hematoxylin counterstain and Permount mounting media. Background control sections were prepared without the anti-E-cadherin primary antibody. Tissue sections were visualized and photographed using a Zeiss Imager M2 microscope (Carl Zeiss AG, Oberkochen, Germany) at 400× magnification. Cells with dark brown staining indicate positive E-cadherin expression. Images are representative of at least two fields of view from two tumor sections.](ott-7-117Fig6){#f6-ott-7-117}

![Fluorescence immunohistochemical detection of E-cadherin, N-cadherin, and VE-cadherin expression in paraffin-embedded tumor tissues archived from xenograft tumors of PANC1 cells growing in RAGxCγ double mutant mice. Mice were implanted with 1 × 10^6^ PANC1 cells cutaneously on the rear flank and treatment began at 22--23 days post implantation when tumors reached 100--200 mm^3^ as described in [Figure 6](#f6-ott-7-117){ref-type="fig"}. (**A**) Live necropsy tumors. (**B**) H&E staining of tumor necropsy specimens. (**C**) Paraffin-embedded tumor sections (5 μm) on glass slides were processed for immunohistochemistry using primary anti-E-cadherin, N-cadherin, and VE-cadherin antibodies followed with polyclonal goat anti-rabbit Alexa Fluor® 488 (Life Technologies Inc, Burlington, ON, Canada) secondary antibody and Permount mounting media. Background control sections were prepared without the primary antibodies. Tissue sections were visualized and photographed using a Zeiss Imager M2 fluorescence microscope (Carl Zeiss AG, Oberkochen, Germany) at 400× magnification. Images are representative of at least five fields of view from two tumor sections. H&E staining of necropsy (**D**) liver and (**E**) lung for metastasis.\
**Abbreviation:** H&E, hematoxylin and eosin staining; Bkg, background; cad, cadherin; mets, metastasis; Gem, gemcitabine.](ott-7-117Fig7){#f7-ott-7-117}

###### 

LD~50~ values for effects of oseltamivir phosphate on viability of cancer cells in culture

  Cancer       Cell lines   Sensitivity to chemotherapeutic agents   LD~50~ (μM)
  ------------ ------------ ---------------------------------------- -------------
  Pancreatic   MiaPaCa-2    Resistant                                850
  BxPC-3       Resistant    975                                      
  Capan-1      Sensitive    2                                        
  PANC1        Resistant    1,462                                    

**Note:** LD~50~ value is given as μM of drug concentration determined by MTT or WST-1 assay after 72 hours of incubation.

**Abbreviation:** LD~50~, individual dose required to kill 50 percent of viable cells; MTT, tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.
